Graphene (G) and Graphene oxide (GO) were employed in the present study in the removal of two toxic cationic dyes, Basic Red 12 (BR 12) and Basic Red 46 (BR 46), from aqueous solutions. Graphene oxide was synthesized according to the modified Hummers' method, and characterized by XRD and FTIR. The effect of various parameters such as contact time, solution pH, dye concentration and temperature, were studied. The kinetics and thermodynamics of the process of dye removal were investigated. The results indicate that the kinetics of the removal of BR 12 and BR 46 using G and GO as adsorbents follows a pseudosecond order model. G and GO exhibited high adsorption capacity for BR 12 and BR 46. The dye removal depends thereby on the initial pH of the solution with maximum uptake occurring at about pH=9.
Introduction
Since its discovery by K. S. Novoselov and A. K. Geim in 2004, [1] graphene (G), a one-atom-thick planar sheet of sp 2 -bonded carbon atoms densely packed in a honeycomb crystal lattice, has become a rapidly rising star among carbon materials, triggering a gold rush to exploit its possible applications both in academics and industry ( Figure 1 .a). Graphene is considered as the mother element of some carbon allotropes, which is a basic building block for graphitic materials of all other dimensionalities, and can be converted into fullerenes, carbon nanotube (CNT) or 3D graphite via wrapping, rolling, or stacking, respectively. [2] Because of its unique nanostructure, graphene has many novel properties such as high surface area, excellent electrical conductivity and electron mobility at room temperature, and unique thermal and mechanical properties . [3] However, graphene is hydrophobic and, consequently, stable dispersions in polar solvents can only be obtained with the addition of proper surfactants. [4] Graphene oxide (GO) is similar to graphene, but possesses oxygen-containing functional groups (Figure 1 .b). [5] [6] [7] The presence of these polar and reactive groups reduces the thermal stability of the nanomaterial but may be important to promote interaction and compatibility with polar solvents or with particular polymer matrices. [8] Both graphene and GO can be modified in order to obtain other functionalized graphene with suitable properties for specific applications. [9] [10] Figure 1: Graphene (a) and Graphene Oxide (b).
Synthetic dyes have been increasingly used in textile and dyeing industries because of their ease of application at low cost, thermal stability and resistance to microbial attack. This has, however, resulted in effective discharge of highly polluted effluents. [11] More than 10,000 chemically different dyes are being manufactured. The world dyestuff and dye intermediates production are estimated to be around 7×10 8 kg per annum. [12] The presence of dyes in effluents is one of their characteristics which affects the quality of water, inhibits sunlight penetration into the stream and reduces photosynthetic activity. [13] Moreover, some dyes are carcinogenic and mutagenic and are generally stable to biological degradation. [14] Therefore, their removal from industrial effluents before discharging into the environment is extremely important.
In this study, we investigated the removal property of BR 12 and BR 46 using G and GO as adsorbents in aqueous solution. The influence of several parameters such as contact time, dye concentration and solution pH on the removal capacity were evaluated and discussed. Scheme 1 provides an overview of the interaction of grapheme and grapheme oxide with the cationic dyes investigated in this study.
Experimental

Materials and Methods
Purified natural graphene (monolayer graphene film) was purchased from 
Preparation of Graphene oxide (GO)
GO has been prepared according to the modified Hummers-Offeman method. [17] Briefly, graphene (2.0 g), sodium nitrate (1.0 g), concentrated sulfuric acid (98%, 50 mL) and potassium permanganate (6.0 g) were consistently mixed in an ice bath for 2 hours, the mixture thereby gradually becoming pasty and black-greenish. Next, the mixture was kept in a water bath at 35 o C for 60 min, followed by slow addition of distilled water (100 mL) to overcome effervescing. The resulting solution was kept below 100 o C for 3 h. With the progress of reaction, the color turned yellowish. After further treatment with H 2 O 2 (5%, 100 mL), the filtered cake was washed with distilled water several times until its supernatant is SO 4 2− free evidenced by the barium chloride (0.1 mM) test. The cake was then dispersed in water for further ultra-sonication for 1 h.
For facilitating the experiments, we selected solutions with GO centrifuged at speeds ranging from 2500 to 5000 rpm.
Characterizations of graphene oxide (GO)
Graphene and graphene oxide were characterized using Fourier Transform Infrared Spectroscopy (FTIR) (100 scan accumulation, 2 cm -1 resolution, BOMEM, Canada). The samples were prepared for FTIR by grinding dried G or GO together with potassium bromide (KBr) to make a pellet that was dried in oven for 8 hour before
test. SEM (model VEGA-TESCAN) with a field emission gun was used for investigating the morphologies of graphene before and after oxidation. XRD patterns were taken using X-ray powder diffractometer (model GNR MPD 300, Italy) to reveal detailed information about the crystallographic structure of G and GO. The radiation source used was Cu-K α with a wavelength of 1.54 Å. 2θ ranged thereby from 10 o to 90 o , where θ is the diffraction angle.
Results and Discussion
Surface characterization of graphene (G) and graphene oxide (GO)
The FTIR spectrum of graphene has a characteristic peak at 1610 cm graphene plane composed of well-ordered graphene with. [19] In the pattern of GO, the peak at 2θ = 26.6 o is no longer detected and a new broader peak appears at 2θ = 11.8 o , which indicates that graphene structure with new oxygen containing groups was formed successfully by the strong oxidation process of the graphene surface. [19] Effect of solution pH
The pH of the dye solution has a significant effect on the surface charge of G and GO, the degree of ionization of the materials and the dissociation of functional groups in the active sites of the adsorbent surface, it affects also the structure of the dye molecule. [20] The results of the pH studies (Figure 4) show that the amount adsorbed of BR 12 and BR 46 (q e ) increases with increasing the pH and reaches a maximum level at pH=9.0. A similar pH trend was also reported by other researchers. [21] The lower adsorption of BR 12 and BR 46 on G and GO surfaces at low pH values may be explained by the competition of excess H + ions with the dye cations for active adsorption sites. [22] This, however, does not provide any explanation for the slight decrease in the extent of dyes adsorption by both surfaces at higher pH values. GO were in the order: GO-BR12 > GO-BR46 > G-BR12 ≈ G-BR46. The higher adsorption capacity of GO compared with that of G can be explained by the fact that GO has higher amounts of surface carboxylate groups and tends therefore to adsorb more dye molecules. On GO, the absorbed amount of BR 12 is larger than that of BR 46 which can be explained by the smaller size of the BR 12 molecule dye relative to that of BR 46.
[23]
Effect of contact time
The effect of contact time on the amount adsorbed (q e ) of BR 46 and BR 12 on G and GO is shown in figure 5 . 
Effect of dye concentration
The effect of initial concentration on BR 46 and BR 12 adsorption on G and GO as adsorbents is shown in figure 6 . The percentage of adsorbed dye increases with the increase in initial dye concentration. This is attributed to the fact that at higher dye concentration, the ratio of the initial number of dye molecules to the available surface area is high, and subsequently, there is a higher chance for these molecules to adsorb, increasing thus the rate of adsorption relative to that of desorption. [24] Kinetics studies 
Pseudo-first order kinetic model
The kinetics of removal of BR 12 and BR 46 by G and GO was studied with respect to different initial concentrations. For evaluating the kinetics of removal of BR 12 and BR 46, the pseudo-first-order kinetic model (Lagergren's model) has been used and found to fit the experimental data. [25] The integrated linear form of the model is:
where q e and q t (both in mg/g) are the amounts adsorbed of BR 12 and BR 46 at equilibrium and after contact time t, respectively. K 1 (min -1 ) is the rate constant of removal. The straight line plots of 'ln (q e -q t ) vs time' (Figure 7) confirm that the process of removal is governed by first-order kinetics. The rate constant values (Table 2) were determined from the slopes of figure 7 and were found to decrease with increasing temperature. The data reveal that higher temperatures favor the adsorption of BR 12 and the process of removal is endothermic in nature. For BR 46, the data reveal that for both adsorbents (G and GO) the process of removal is endothermic in nature. 
Pseudo second order kinetic model
The removal data was also analyzed according to the pseudo-second order kinetic model. This can be expressed as follows: [25] e e t q t q K q
In Eq. (3), K 2 (g/(g.min)) is the pseudo-second order rate constant, q e and q t are the amounts adsorbed per unit mass at equilibrium and after contact time t, respectively. The integral form of the model represented by Eq. (3) predicts that the ratio of time/adsorbed amount should be a linear function of time. [25] By applying the pseudo-second order rate equation to the experimental data for the removal of BR 46
and BR 12 dye, the data were found to fit well with the model for both BR 46 and BR 12 and straight lines were obtained as shown in figure 8 . This confirms the suitability of the pseudo-second order rate equation to describe the removal of BR 46 and BR 12 dye molecules from aqueous solutions by G and GO as adsorbents. previous studies. However, much shorter contact times were needed in this study to reach equilibrium. [26] This represents a significant advantage of the modified G compared with other adsorbents.
[27] 
Intraparticle diffusion
In usual batch experiments, adsorption can occur by intraparticle diffusion. To address the possibility of intraparticle diffusion, the amount adsorbed at constant temperature (q t ) was plotted, following equation 4, against the square root of contact time t (t 0.5 ), figure 9 . The value of the rate constant of intraparticle diffusion can be calculated from the slopes of the linear portion of the plots: 
Conclusion
G and GO were employed in the present study in removing two cationic dyes, BR 12 and BR 46, from aqueous solution. GO was synthesized according to the modified Hummers' method and characterized by XRD and FTIR. The effects of various operating conditions, like initial dye concentration, pH and temperature were investigated. It was observed that the removal of BR 12 and BR 46 is optimum at high pH. The adsorption kinetics was well described by the pseudo-second order model.
